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Abstract  We  analyze  the  role  of  bilateral  symmetry  in  enhancing  binocular  visual  ability  in
human eyes,  and  further  explore  how  efﬁciently  bilateral  symmetry  is  preserved  in  different
ocular surgical  procedures.  The  inclusion  criterion  for  this  review  was  strict  relevance  to  the
clinical questions  under  research.  Enantiomorphism  has  been  reported  in  lower  order  aberra-
tions, higher  order  aberrations  and  cone  directionality.  When  contrast  differs  in  the  two  eyes,
binocular  acuity  is  better  than  monocular  acuity  of  the  eye  that  receives  higher  contrast.  Ani-
sometropia  has  an  uncommon  occurrence  in  large  populations.  Anisometropia  seen  in  infancy
and childhood  is  transitory  and  of  little  consequence  for  the  visual  acuity.  Binocular  summation
of contrast  signals  declines  with  age,  independent  of  inter-ocular  differences.  The  symmet-
ric associations  between  the  right  and  left  eye  could  be  explained  by  the  symmetry  in  pupil
offset and  visual  axis  which  is  always  nasal  in  both  eyes.  Binocular  summation  mitigates  poor
visual performance  under  low  luminance  conditions  and  strong  inter-ocular  disparity  detrimen-
tally affects  binocular  summation.  Considerable  symmetry  of  response  exists  in  fellow  eyes  of
patients undergoing  myopic  PRK  and  LASIK,  however  the  method  to  determine  whether  or  not
symmetry  is  maintained  consist  of  comparing  individual  terms  in  a  variety  of  ad  hoc  ways  both
before and  after  the  refractive  surgery,  ignoring  the  fact  that  retinal  image  quality  for  any  indi-
vidual is  based  on  the  sum  of  all  terms.  The  analysis  of  bilateral  symmetry  should  be  related  to
the patients’  binocular  vision  status.  The  role  of  aberrations  in  monocular  and  binocular  vision
needs further  investigation.
©  2016  Spanish  General  Council  of  Optometry.  Published  by  Elsevier  Espan˜a,  S.L.U.  This  is  an
open access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).∗ Corresponding author at: SCHWIND eye-tech-solutions, Mainparkstrasse 6-10, D-63801 Kleinostheim, Germany.
E-mail address: samuel.arba.mosquera@eye-tech.net (S. Arba Mosquera).
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Simetría  bilateral  en  la  visión  e  inﬂuencia  de  los  procedimientos  quirúrgicos  oculares
sobre  la  visión  binocular:  Revisión  de  actualidad
Resumen  Analizamos  el  papel  de  la  simetría  bilateral  para  mejorar  la  capacidad  visual  binoc-
ular en  ojos  humanos,  y  exploramos  adicionalmente  el  modo  en  que  la  simetría  bilateral  se
conserva  en  diferentes  procedimientos  quirúrgicos  oculares.  Los  criterios  de  inclusión  para  esta
revisión fueron  la  relevancia  estricta  ante  las  cuestiones  clínicas  en  estudio.  El  enantiomorﬁsmo
se ha  reportado  en  aberraciones  de  bajo  orden,  aberraciones  de  alto  orden,  y  direccionalidad
de los  conos.  Cuando  el  contraste  diﬁere  en  ambos  ojos,  la  agudeza  binocular  es  mejor  que
la agudeza  monocular  del  ojo  con  mejor  contraste.  La  anisometropía  es  una  situación  infre-
cuente en  las  grandes  poblaciones.  La  anisometropía  observada  en  la  infancia  y  la  juventud
es transitoria,  y  de  consecuencia  menor  para  la  agudeza  visual.  La  sumación  binocular  de  las
sen˜ales  de  contraste  declina  con  la  edad,  independientemente  de  las  diferencias  inter-oculares.
Las asociaciones  simétricas  entre  el  ojo  derecho  y  el  izquierdo  podrían  explicarse  mediante  la
simetría del  offset  pupilar  y  el  eje  visual,  que  es  siempre  nasal  en  ambos  ojos.  La  sumación
binocular  mitiga  el  empeoramiento  de  la  función  visual  en  situaciones  de  baja  luminosidad,  y
la fuerte  disparidad  inter-ocular  afecta  de  manera  perjudicial  a  la  sumación  binocular.  Existe
una simetría  considerable  de  la  respuesta  en  los  ojos  de  los  pacientes  que  se  someten  a  PRK
y LASIK  para  la  corrección  de  la  miopía,  pero  sin  embargo  el  método  para  determinar  si  la
simetría se  mantiene  o  no  consiste  en  comparar  los  términos  aberrométricos  individuales  en
una serie  de  modos  ad  hoc,  con  anterioridad  y  posterioridad  a  la  cirugía  refractiva,  ignorando
el hecho  de  que  la  calidad  de  la  imagen  de  la  retina  para  cualquier  individuo  se  basa  en  la  suma
de todos  los  términos.  El  análisis  de  la  simetría  bilateral  podría  relacionarse  con  la  situación
de la  visión  binocular  de  los  pacientes.  El  papel  de  las  aberraciones  en  la  visión  monocular  y
binocular precisa  una  mayor  investigación.
© 2016  Spanish  General  Council  of  Optometry.  Publicado  por  Elsevier  Espan˜a,  S.L.U.  Este  es  un
art´ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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binocular  visual  ability  in  human  eyes,  and  second  to  explorentroduction
he  role  of  bilateral  symmetry  and  summation  (or  fusion)
n  forming  the  visual  ability  in  humans  has  been  pursued
ince  centuries.  The  binocular  visual  system  in  humans  pos-
esses  a  cardinal  feature  to  unify  two  separate  monocular
iews  to  render  a  cyclopean  view  of  the  surroundings.  In
oth  eyes,  the  visual  axis  is  symmetric  to  the  nose--chin  axis
oward  the  nasal  visual  ﬁeld,  representing  bilateral  symme-
ry  (enantiomorphism)  (Fig.  1).  The  binocular  visual  system
lso  makes  stereopsis  possible.1 The  parallax  provided  by  the
ifferent  positions  of  the  two  eyes  in  the  head,  gives  humans
 precise  sense  of  depth  perception.2 Binocular  viewing  of
 scene  creates  two  slightly  different  images  of  the  scene.
hese  differences,  referred  to  as  binocular  disparity,  provide
nformation  that  the  brain  can  use  to  calculate  depth  in
he  visual  scene,  providing  a  major  means  of  depth  percep-
ion.  It  has  been  suggested  that  the  impression  of  ‘‘real’’
eparation  in  depth  is  linked  to  the  precision  with  which
epth  is  derived,  and  that  a  conscious  awareness  of  this
recision  (perceived  as  an  impression  of  realness)  may  help
uide  the  planning  of  motor  action.3 Stereopsis  appears  to
e  processed  in  the  visual  cortex  of  mammals  in  binocular
ells  having  receptive  ﬁelds  in  different  horizontal  positions
n  the  two  eyes.  Such  a  cell  is  active  only  when  its  pre-
erred  stimulus  is  in  the  correct  position  in  the  left  eye  and
n  the  correct  position  in  the  right  eye,  making  it  a  disparity
etector.
h
e
tSeveral  visual  tasks  and  experiments  have  explored  and
ompared  the  monocular  and  binocular  visual  performance
n  humans.  Blake  and  Fox4 presented  a  very  important
eview  of  the  experiments  and  techniques  developed  in  the
0th  century  in  pursuit  of  the  question,  whether  binocu-
ar  summation  enhances  the  visual  performance  in  humans
hey  concluded  that  binocular  vision  enhances  visual  per-
ormance  compared  to  monocular  vision.  Neural  binocular
ummation  occurs  when  the  binocular  response  is  greater
han  the  probability  summation.5
Other  important  features  of  binocular  vision  include
trocular  discrimination  (the  ability  to  tell  which  of  two
yes  has  been  stimulated  by  light),6 eye  dominance  (the
abit  of  using  one  eye  when  aiming  something,  even  if  both
yes  are  open),7 allelotropia  (the  averaging  of  the  visual
irection  of  objects  viewed  by  each  eye  when  both  eyes
re  open),8 binocular  fusion  or  singleness  of  vision  (see-
ng  one  object  with  both  eyes  despite  each  eye  having  its
wn  image  of  the  object),4 and  binocular  rivalry  (seeing
ne  eye’s  image  alternating  randomly  with  the  other  when
ach  eye  views  images  that  are  so  different  they  cannot  be
used).9
In  this  topical  review,  our  motive  is  twofold,  ﬁrst  to
nalyze  the  role  of  bilateral  symmetry  in  enhancing  theow  efﬁciently  bilateral  symmetry  is  preserved  in  differ-
nt  ocular  surgical  procedures  performed  in  the  current
imes.
Bilateral  symmetry  in  vision  and  inﬂuence  of  ocular  surgery  221
Temporal visual field
Vertex normal
Iris plane
L2
N N’ L1
C1EP’EP
Line
of sight Fovea
Visual
axis
Optical
axis
Nasal visual field
Object space
FP
VK
axis
axis
Pupillary α κ λ
Figure  1  Schematic  sketch  of  the  reference  angles  and  axes  in  the  human  eye.  The  axes  are  indicated  by  the  following  lines;
solid black  (line  of  sight),  solid  blue  (pupillary  axis),  dashed  green  (visual  axis),  dashed  red  (optical  axis),  and  dashed  black  (videok-
eratoscope axis).  The  centers  of  curvature  of  each  refracting  surface  are  represented  as  L2,  C2,  C1,  and  L1.  In  both  the  eyes,
the visual  axis  is  symmetric  to  the  nose--chin  axis  toward  the  nasal  visual  ﬁeld,  representing  the  bilateral  symmetry  (enantiomor-
phism). Binocular  fusion  uniﬁes  two  separate  monocular  views  to  render  a  cyclopean  view  of  the  surroundings.  (Image  courtesy  of:
Nowakowski, Sheehan,  Neal,  Goncharov:  Investigation  of  the  isopla
compared to  the  line  of  sight  in  the  eye.  Biomed  Opt  Express  2012,  
Monocular estimator
Mirror image of OS
Average of both (a+d |b) / 2
Figure  2  Enantiomorphism  of  the  face.  The  left  and  right  eyes
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20show mirror  symmetry  with  respect  to  the  nasal  axis.  (Image
courtesy:  AURELIOS  AUGENZENTRUM.)
Bilateral symmetry in human visual system
The  bilateral  symmetry  (enantiomorphism)  in  human  eyes
with  respect  to  the  nose--chin  axis  enables  a  much  wider
horizontal  ﬁeld  of  view  than  vertical  ﬁeld  of  view  (Fig.  2).
Humans  have  a  maximum  horizontal  ﬁeld  of  view  of  ∼190◦
with  two  eyes,  ∼120◦ of  which  makes  up  the  binocular
ﬁeld  of  view  ﬂanked  by  two  uniocular  ﬁelds  of  ∼40◦ each.
Further  to  this,  both  eyes  show  many  interrelated  symme-
tries  and  can  inﬂuence  each  other  in  several  ways.  Light
falling  in  one  eye  affects  the  diameter  of  the  pupils  in
both  eyes.  If  one  eye  is  open  and  the  other  closed,  the
closed  eye  follows  the  accommodation  of  the  opened  eye.
The  state  of  light  adaptation  of  one  eye  can  have  a  small
effect  on  the  state  of  light  adaptation  of  the  other.  Li
et  al.10 evaluated  the  symmetry  between  the  right  and
a
m
t
anatic  patch  and  wavefront  aberration  along  the  pupillary  axis
3:240--258.)
eft  eye  of  397  subjects  in  14  biometric  parameters.  They
ound  a  potentially  clinically  important  inter-ocular  sym-
etry  in  spherical  equivalent,  best  corrected  visual  acuity
BCVA),  average  corneal  curvature,  Jackson  crossed  cylinder
ower  of  corneal  astigmatism  (CJ0  and  CJ45),  intraocu-
ar  pressure,  central  corneal  thickness,  axial  length  (AL),
nterior  chamber  depth,  lens  thickness  and  vitreous  cham-
er  depth;  with  signiﬁcant  interocular  differences  observed
nly  in  Jackson  crossed  cylinder  power  of  refractive  error
stigmatism  with  axes  at  90◦ and  180◦ (RJ0,  p  =  0.00),  and
t  45◦ and  135◦ (RJ45,  p  =  0.02)  and  corneal  asphericity
oefﬁcient  (p  =  0.00).  However,  for  keratoconic  patients  a
reater  inter-ocular  asymmetry  in  pachymetry  and  posterior
orneal  elevation  variables  has  been  reported.11,12 Based  on
nter-ocular  symmetry,  many  diagnostic  methods  have  been
resented  to  discriminate  between  normal  and  keratoconic
ornea.13--18 Galletti  et  al.19 evaluated  inter-ocular  corneal
symmetry  in  Pentacam  (Oculus  Optikgeräte  GmbH,  Wetzlar,
ermany)  indexes  as  a diagnostic  method  between  normal
atients  and  patients  with  keratoconus.  They  found  that
nlike  keratoconic  corneas,  healthy  corneas  are  markedly
ymmetric  irrespective  of  anisometropia  (a  condition  in
hich  the  two  eyes  have  unequal  refractive  power),  how-
ver  corneal  asymmetry  analysis  does  not  provide  sufﬁcient
ensitivity  to  be  used  alone  for  detecting  keratoconus.
inocular  vision  and  lower  order  optical
berrations  of  the  eye
he  aberrations  in  the  human  visual  system  have  been  stud-
ed  in  reference  to  ocular  symmetry  in  the  past.  Howland
nd  Howland, employed  the  cross-cylinder  aberroscope
ethod  they  invented,  and  found  that  the  optical  aberra-
ions  of  the  eye  differ  greatly  from  subject  to  subject  and
re  seldom  symmetrical.  McKendrick  et  al.21 investigated
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he  relationship  between  the  astigmatic  axes  of  right  and
eft  eye  pairs,  with  particular  attention  given  to  determin-
ng  the  degree  to  which  either  direct  or  mirror  symmetry
f  the  astigmatic  axes  exists.  They  found  that  in  a  study
opulation  of  192  individuals,  there  was  no  evidence  for  a
redominance  of  either  mirror  or  direct  symmetry  of  the
stigmatic  axes.  The  patterns  of  astigmatic  axis  distribution
f  right  and  left  eyes  were  remarkably  similar  but,  within
his  context,  there  was  no  deﬁnite  evidence  for  a  deﬁnable
ssociation  between  the  axis  of  the  left  and  right  pairs  of
ndividuals.
In  recent  studies,  however,  different  ﬁndings  have  been
eported.  Touzeau  et  al.22 prospectively  recorded  both
ubjective  refraction  and  auto-refractometry  data  of  500
atients.  They  quantiﬁed  enantiomorphism  between  fellow
ye  axes  by  the  absolute  value  of  the  difference  between
80◦ and  the  sum  of  both  axes.  Axes  were  more  enantiomor-
hic  when  the  cylinder  was  high  and  the  subject  young.
blique  axes  were  less  enantiomorphic  (35.5◦ vs.  20.6◦,
 <  0.001)  and  were  associated  with  lower  cylinder  (0.56D  vs.
.98D,  p  <  0.001).  Correlation  between  fellow  eyes  was  sig-
iﬁcant  for  cylinder  (r(s)  =  0.66,  p  <  0.001)  and  for  spherical
quivalent  (r(s)  =  0.96,  p  <  0.001).
inocular  vision  and  higher  order  optical
berrations  of  the  eye
iang  and  Williams23 constructed  a  wavefront  sensor  to  mea-
ure  the  optical  aberrations  beyond  the  classical  aberrations
f  the  eye.  They  found  that  irregular  aberrations  (more  pop-
larly  called  as  higher  order  aberrations  (HOA)),  do  not  have
 large  effect  on  retinal  image  quality  in  normal  eyes  when
he  pupil  is  small  (3  mm).  However,  they  play  a  substantial
ole  when  the  pupil  is  large.  Although  the  pattern  of  aberra-
ions  varies  from  subject  to  subject,  aberrations,  including
rregular  ones,  are  correlated  in  left  and  right  eyes  of  the
ame  subject,  indicating  that  they  are  not  random  defects.
orter  et  al.24 conﬁrmed  this  observation  in  a  large  popula-
ion.  Thibos  et  al.25 used  a  Shack--Hartmann  aberrometer  to
easure  the  monochromatic  aberration  structure  along  the
rimary  line  of  sight  of  200  cyclopleged,  normal,  healthy
yes  from  100  individuals.  Their  results  veriﬁed  the  corre-
ation  of  aberrations  from  the  left  and  right  eyes  indicating
he  presence  of  signiﬁcant  bilateral  symmetry.  Wang  et  al.26
nvestigated  the  distribution  of  anterior  corneal  HOA’s  (3rd
o  6th  orders)  in  a  population  of  134  subjects,  and  found
hat  a  moderate  to  high  degree  of  mirror  symmetry  existed
etween  right  and  left  eyes.
Prakasht  et  al.27 evaluated  the  HOA’s  and  resultant  bilat-
ral  wavefront  patterns  in  a  cross  sectional  observational
rial  of  seven  consecutive  pediatric  patients  (mean  age  of
 ±  3  years)  with  idiopathic  amblyopia.  They  found  no  sig-
iﬁcant  difference  in  the  average  of  Zernike  coefﬁcients
etween  normal  and  amblyopic  eye.  However,  interrela-
ion  between  Zernike  coefﬁcients  was  different  between
mblyopic  and  fellow  eyes  associated  with  a  loss  of  sym-
etry  in  wavefront  patterns  of  the  two  eyes.  Maximum
ifference  in  the  R-squared  values  between  amblyopic
nd  normal  (fellow)  eyes  was  seen  with  coma-like  and
refoil-like  aberrations  (third  order  and  ﬁfth  order  terms).
am  et  al.28 determined  the  effect  of  individual  Zernike
p
v
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avefront  aberrations  on  binocular  summation  and  binoc-
lar  visual  acuity  and  found  that  binocular  vision  has  a
ositive  effect  in  reducing  the  visual  impact  of  aberrations
s  Zernike  modes  that  suffer  from  the  most  loss  of  visual
cuity  also  experience  the  greatest  amounts  of  binocular
ummation.
In addition  to  the  aberrations  in  the  ocular  optics,  cone
irectionality  (Stiles--Crawford  effect)  also  controls  the  reti-
al  image  quality  sampled  by  the  photoreceptor  array.
arcos  et  al.29 investigated  in  12  subjects  the  symmetry
etween  the  right  and  left  eyes  for  wavefront  aberration
measured  using  a spatially  resolved  refractometer)  and
one  directionality  (measured  using  an  imaging  reﬂecto-
etric  technique).  Although  they  found  that  the  pattern
f  aberrations  is  in  general  non-symmetric,  suggesting  that
he  development  of  aberrations  follows  independent  paths
n  many  right  and  left  eye  pairs,  but  cone  directionality  is  in
ost  cases  mirror-symmetric  (with  one  case  of  direct  sym-
etry),  suggesting  some  systematic  process  underlying  cone
rientation.
inocular  vision  and  contrast  perception
inocular  vision  is  traditionally  treated  as  a  combina-
ion  of  two  processes:  the  fusion  of  similar  images
binocular  summation),  and  the  inter-ocular  suppression
f  dissimilar  images  (e.g.  binocular  rivalry).  At  low
patial  frequencies,  where  the  monocular  sensitivity  dif-
erence  is  minimal,  binocular  summation  is  obtained.
s  the  sensitivity  difference  increases  at  higher  spatial
requencies,  the  binocular  contrast  sensitivity  decreases
teadily  demonstrating  binocular  inhibition.30 Recent  work
as  demonstrated  that  inter-ocular  suppression  is  phase-
nsensitive,  whereas  binocular  summation  occurs  only  when
timuli  are  in  phase.  In  a key  study  by  Ding  and  Sperling,31,32
bservers  indicated  the  perceived  location  of  the  dark  bar
f  a  sine-wave  grating,  which  was  presented  as  two  monoc-
lar  component  gratings  of  different  spatial  phases.  The
ull  pattern  of  their  results  was  explained  by  a  binocu-
ar  gain  control  model  featuring  suppression  between  the
yes,  followed  by  binocular  summation.  Jiawei  Zhou  et  al.33
resented  a  modiﬁcation  to  the  interocular  gain-control
heory32 that  uniﬁes  ﬁrst-  and  second-order  binocular  sum-
ation  with  a  single  principle  called  the  contrast-weighted
ummation  concluding  that  the  second-order  combination
s  controlled  by  ﬁrst-order  contrast.  Daniel  Baker  et  al.34
lso  challenged  the  model  by  Ding  et  al.32 in  which  contrast
erception  is  shown  to  be  phase-invariant.  They  measured
erceived  contrast  using  a  matching  paradigm  for  a  wide
ange  of  inter-ocular  phase  offsets  (0--180◦) and  matching
ontrasts  (2--32%).  Their  results  were  predicted  by  a  binoc-
lar  contrast  gain  control  model  involving  monocular  gain
ontrols  with  inter-ocular  suppression  from  positive  and  neg-
tive  phase  channels,  followed  by  summation  across  eyes
nd  then  across  space.  When  applied  to  conditions  with
ertical  disparity  this  model  had  only  a  single  (zero)  dis-
arity  channel  and  embodied  both  fusion  and  suppression
rocesses  within  a  single  framework.  Another  interesting
iewpoint  was  given  by  Thor  Eysteinsson  et  al.35,36 who  suc-
essfully  demonstrated  tonic  inter-ocular  suppression  (TIS)
y  the  means  of  visual  evoked  potential  (VEP)  procedures.
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Conversely,  they  concluded  from  these  results  that  the
increase  in  VEP  amplitude  resulting  from  binocular  vision
may  be  attributed  to  the  removal  of  TIS  rather  than  phys-
iological  binocular  summation.  Therefore,  the  perceived
binocular  visual  direction  of  a  fused  disparity  stimulus  with
an  inter-ocular  contrast  difference  is  biased  toward  the
direction  signaled  by  the  eye  presented  with  the  higher  con-
trast  image.  Similar  ﬁndings  were  reported  by  Weiler  et  al.37
When  contrast  differs  in  the  two  eyes,  binocular  acu-
ity  has  been  shown  to  be  better  than  the  monocular  acuity
of  the  eye  that  receives  higher  contrast.38,39 This  binocular
advantage  becomes  smaller  but  remains  signiﬁcant  as  con-
trast  disparity  became  larger.39 Cuesta  et  al.40 evaluated
the  impact  that  interocular  differences  in  corneal  aspheric-
ity  (Q)  exert  on  binocular  summation  measured  as  the
contrast-sensitivity  function  (CSF).  A  total  of  92  emmetropic
subjects  took  part  in  the  experiment,  classiﬁed  according
to  the  inter-ocular  differences  in  corneal  asphericity  (Q)
measured  with  an  EyeSys-2000  corneal  topographer.  Fifty-
four  subjects  had  Q  <  0.1;  21  subjects  had  0.1  ≤  Q  ≤  0.2;
and  17  had  Q  >  0.2.  The  CSF  was  measured  monocularly
(for  each  eye)  and  binocularly  at  different  spatial  fre-
quencies.  Although  the  binocular  CSF  for  the  three  groups
studied  was  greater  than  the  monocular  in  all  the  spa-
tial  frequencies  studied,  there  were  signiﬁcant  differences
in  binocular  summation.  They  concluded  that  differences
in  corneal  asphericity  may  affect  the  binocular  visual
function  by  diminishing  the  binocular  contrast-sensitivity
function.  This  could  signiﬁcantly  affect  the  results  of  a
refractive  procedure,  where  although  the  subject  becomes
emmetropic,  if  inter-ocular  differences  are  induced  in
corneal  asphericity;  it  could  still  reduce  the  binocular  visual
performance.  Aniseikonia  can  also  have  similar  implica-
tions  on  cataract  and  refractive  procedures,  with  studies41,42
revealing  a  signiﬁcant  decline  in  binocular  contrast  sensitiv-
ity  and  binocular  summation  for  5%  aniseikonia,  this  decline
being  more  pronounced  for  intermediate  and  high  spatial
frequencies.
Development  of  binocular  vision  with  age
Anisometropia  is  generally  characterized  by  a  threshold
inter-ocular  power  difference  of  two  diopters.  This  condi-
tion  has  been  observed  very  rarely  in  studies  with  large
study  populations,  however  it  may  be  indicative  of  a  possible
signiﬁcant  deterioration  of  post-refractive  surgery  mesopic
binocular  CSF.43 Almeder  et  al.44 conducted  a  longitudi-
nal  study  for  10  years,  to  examine  the  focusing  and  motor
behavior  of  a  volunteer  population  of  686  subjects  aged  3
months  to  9  years.  The  aim  of  the  study  was  to  characterize
normal  refractive  development  in  infants  and  children  and
to  relate  refractive  anomalies  to  subsequent  visual  prob-
lems.  They  concluded  that  much  of  the  anisometropia  seen
in  infancy  and  childhood  is  transitory  and  probably  of  lit-
tle  consequence  for  the  eventual  visual  acuity.  With  an
error  probability  of  5%  or  less,  they  found  a  persistent  ani-
sometropia  in  1%  or  less  in  their  study  population.Studies45 also  indicate  that  in  children,  binocular  and
dichoptic  contrast  sensitivity  (binocular  and  dichoptic  sum-
mation)  is  better  than  monocular.  The  magnitude  of
binocular/dichoptic  summation  is  signiﬁcantly  greater  in
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hildren  than  in  normally  sighted  adults  for  contrast  sen-
itivity,  but  not  for  alignment  sensitivity.  In  normal  eyes,
he  mean  binocular  summation  ratio  for  the  fovea  and  the
eripheral  ﬁeld  have  been  found  to  be  not  signiﬁcantly
ifferent,  however  in  amblyopic  eyes,  subjects  show  no
r  minimal  binocular  summation  in  the  foveal  region  but
each  normal  ratios  in  the  periphery.5 Binocular  summation
f  contrast  signals  has  been  proved  to  decline  with  age,
ndependent  of  inter-ocular  differences.46--50 However,  con-
rary  results  have  also  been  reported51 with  absence  of  age
ffects  on  binocular  summation,  when  compared  for  reso-
ution  acuity,  contrast  sensitivity  (CS),  and  spatial  interval
SI)  hyperacuity.
inocular  vision  anomalies
inocular  vision  anomalies  include:  diplopia  (two  images  of
 single  object  are  seen),  visual  confusion  (the  perception  of
wo  different  images  superimposed  onto  the  same  space),
uppression  (where  the  brain  ignores  all  or  part  of  one  eye’s
isual  ﬁeld),  heterotropia  or  strabismus  (inability  to  direct
oth  eyes  simultaneously  toward  the  same  ﬁxation  point),
orror  fusionis  (an  active  avoidance  of  fusion  by  eye  mis-
lignment),  and  anomalous  retinal  correspondence  (where
he  brain  associates  the  fovea  of  one  eye  with  an  extra-
oveal  area  of  the  other  eye).
Several  models  have  explored  the  mechanism  of  binocu-
ar  interactions,52,53 interocular  contrast  and  masking.54 In
ore  recent  times,  psychophysical  evidence  has  emerged
or  two  routes  to  suppression  in  primary  visual  cortex  before
inocular  summation  of  signals  in  human  eyes.55 Schor
t  al.56 compared  the  binocular  depth  of  focus  of  monovi-
ion  wearers  to  the  sum  of  the  two  monocularly  determined
epths  of  focus.  Their  results  demonstrate  the  effectiveness
f  interocular  suppression  of  anisometropic  blur  in  mono-
ision  correction  and  the  inﬂuence  of  ocular  dominance
pon  this  suppression  process.  Accommodative  response  to
inusoidal  variations  in  blur  is  controlled  primarily  by  the
ominant  sighting  eye.
Pineles  et  al.57 studied  binocular  summation  in  strabismic
opulations  without  amblyopia.  The  authors  hypothesized
hat  strabismus  may  lead  to  decreased  binocular  summation
or  tasks  related  to  discrimination  within  increased  back-
round  complexity.  Their  goal  was  to  test  the  extent  of
inocular  summation  in  patients  with  strabismus  during  dis-
rimination  of  a  luminance  target  disk  embedded  in  visual
oise.  Their  ﬁndings  supported  the  hypothesis  that  strabis-
us  can  lead  to  decreased  binocular  summation  and  even
inocular  inhibition.  Despite  literature  showing  enhanced
inocular  summation  in  visually  demanding  situations  such
s  high  levels  of  visual  noise  or  low  contrast,  binocular  sum-
ation  was  not  signiﬁcantly  affected  by  visual  noise  in  their
tudy  population.  Raveendran  et  al.58 suggested  that  ﬁxa-
ion  stability  in  the  amblyopic  eye  appears  to  improve  with
ifoveal  ﬁxation  and  reduced  interocular  suppression.  How-
ver,  once  initiated,  bifoveal  ﬁxation  is  transient  with  the
trabismic  eye  drifting  away  from  foveal  alignment,  thereby
ncreasing  the  angle  of  strabismus.
Strabismic  amblyopia  is  typically  associated  with  sev-
ral  visual  deﬁcits,  including  loss  of  contrast  sensitivity
n  the  amblyopic  eye  and  abnormal  binocular  vision.
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onventionally  binocular  summation  ratios  provide  an  oper-
tional  index  of  clinical  binocular  function,  but  does  not
ssess  whether  neuronal  mechanisms  for  binocular  summa-
ion  of  contrast  remain  intact.  Baker  et  al.59 investigated
his  question  by  comparing  the  conventional  method  to  hor-
zontal  sine-wave  gratings  used  as  stimuli  (3  or  9  cycles  per
egree;  200  ms)  where  the  contrast  in  the  amblyopic  eye
as  adjusted  (normalized)  to  equate  monocular  sensitivi-
ies.  They  found  that  when  normal  observers  performed  the
xperiments  with  a  neutral-density  (ND)  ﬁlter  in  front  of  one
ye,  their  performance  was  similar  to  that  of  the  amblyopes
n  both  methods  of  assessment  indicating  that  that  strabis-
ic  amblyopes  have  mechanisms  for  binocular  summation
f  contrast  and  that  the  amblyopic  deﬁcits  of  binocularity
an  be  simulated  with  an  ND  ﬁlter.
mportance  of  preserving  bilateral  symmetry  in
cular  surgery
onsidering  the  ﬁndings  presented  in  the  above  men-
ioned  studies  and  particularly  an  uncommon  occurrence  of
nisometropia44 (which  considers  the  most  dominant  aber-
ations  of  the  eye),  one  could  strongly  consider  a  high
ymmetry  between  radial  aberrations  in  the  left  and  right
ye.  Furthermore,  considering  the  pattern  and  orientation
f  higher  order  aberrations  in  relevance  to  bilateral  sym-
etry,  one  can  infer  that  ocular  and  corneal  aberrations
end  to  be  similar  for  not  only  radial  but  also  vertical  aber-
ations  (with  binocular  summation  being  highest  along  the
ertical  meridian60).  The  horizontally  oriented  aberrations
owever  shall  be  symmetric  due  to  the  relationship  between
he  two  eyes  in  the  horizontal  direction.  Therefore,  it  is
xpected  that  the  0  Zernike  modes61 show  even  symmetry;
egative  odd  modes  show  even  symmetry;  negative  even
odes  show  odd  symmetry;  positive  odd  modes  show  odd
ymmetry  and  positive  even  modes  show  even  symmetry.
any  of  these  symmetric  associations  between  the  right
nd  left  eye  could  be  explained  by  the  symmetry  in  the
upil  offset  and  the  visual  axis  which  is  always  nasal  in  both
yes.
Katsumi  et  al.62,63 found  that  when  identical  patterns
ere  delivered  to  each  eye  and  the  patterns  were  fused,
he  binocular  visually  evoked  response  (VER)  demonstrated
arger  amplitude  than  the  monocular  VER,  resulting  in  a
inocular  summation  that  is  prominent  in  the  low-contrast
timulus  pattern.  With  stimulus  patterns  of  higher  contrast,
he  amplitudes  of  the  binocular  and  the  monocular  VER  did
ot  differ  greatly,  and  the  value  of  binocular  summation  was
igniﬁcantly  decreased.  Experimental  results  even  show  that
inocular  aberration  correction  beneﬁts  for  visual  acuity  and
ontrast  sensitivity  increase  with  decreasing  luminance.64
lso,  the  advantage  of  binocular  over  monocular  viewing
ncreases  when  visual  acuity  becomes  worse.  The  ﬁndings
uggest  that  binocular  summation  mitigates  poor  visual  per-
ormance  under  low  luminance  conditions.  Furthermore,
 pseudo-canceling  of  the  horizontally  oriented  aberra-
ions  of  each  eye  enhances  the  binocular  vision.  Strong
nter-ocular  disparity  detrimentally  affects  the  binocular
ummation,40,65--67 severely  affecting  vision,  leading  to  con-
itions  like  amblyopia  (for  e.g.  strabismic,  anisometropic
nd  form  vision  deprivation  amblyopia)44,68--70 and  nystagmus
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when  the  visual  axes  of  the  two  eyes  are  far  apart).71,72 All
hese  relationships  clearly  point  to  the  critical  importance
f  maintaining  (and  at  best  improving)  the  existing  bilateral
ymmetry  of  eyes,  after  an  ocular  surgical  procedure.
ilateral symmetry and ocular surgery
aser  based  refractive  correction
ery  few  studies  in  the  literature  have  addressed  the  issue  of
nalyzing  the  symmetry  of  aberrations  between  eyes  after
orneal  laser  refractive  surgery.  Refractive  surgical  pro-
edures  are  mostly  performed  monocularly  with  different
blation  proﬁles  and  popular  techniques.73--76 It is  signiﬁ-
ant  to  evaluate  how  a  monocularly  performed  refractive
rocedure  inﬂuences  the  inter-ocular  symmetry.
Castro  et  al.77 determined  the  inﬂuence  of  inter-ocular
ifferences  in  retinal  image  quality  on  binocular  visual
erformance.  They  found  that  higher  the  inter-ocular  dif-
erences  in  the  Strehl  ratio,  the  lower  the  binocular
ummation.  Jiménez  et  al.78 found  that  binocular  sum-
ation  and  maximum  disparity  signiﬁcantly  decrease  with
ncreasing  inter-ocular  differences  in  higher-order  aberra-
ions  (total,  coma,  and  spherical  aberration)  in  both  eyes  of
5  emmetropic  observers,  scanned  with  a  Wasca  aberrome-
er  (Carl  Zeiss  Meditec,  Inc.).  Jiménez  et  al.65 also  analyzed
he  binocular  visual  function  after  laser-assisted  in  situ  Ker-
tomileusis  (LASIK).  They  evaluated  visual  performance,
onocular  and  binocular  contrast  sensitivity  function  and
isturbance  index  for  quantifying  halos  in  68  patients  (136
yes).  Binocular  summation  and  disturbance  index  dimin-
shed  signiﬁcantly  (p  <  .0001)  after  LASIK  with  increasing
nter-ocular  differences  in  corneal  and  eye  aberrations.
hey  found  that  inter-ocular  differences  above  0.4  m  of
he  root-mean-square  (RMS)  for  a  5-mm  analysis  diameter,
ead  to  a  decrease  of  more  than  20%  in  binocular  summation.
hey  concluded  that  the  binocular  function  deteriorates
ore  than  monocular  function  after  LASIK.  This  deteriora-
ion  increases  as  the  inter-ocular  differences  in  aberrations
nd  corneal  shape  increase.  Similar  ﬁndings  were  reported
y  Villa  et  al.79 They  tested  the  visual  performance  after
ASIK  for  a corneal  asphericity  (Q)-optimized  ablation  and
unnerlyn  formula  based  ablation  algorithm.  They  showed
eterioration  in  aberrometry,  CSF,  binocular  summation,
nd  discrimination  index  for  the  two  tested  algorithms,
lthough  signiﬁcantly  lower  deterioration  was  observed  for
he  Q-optimized  algorithm.  Other  studies80--84 also  showed
hat  conventional  LASIK  signiﬁcantly  increases  ocular  higher-
rder  aberrations,  which  compromise  the  postoperative  CSF
pecially  for  high  spatial  frequencies  under  mesopic  condi-
ions.
Contrary  to  these  ﬁndings,  Boxer  Wachler85 reported
tatistically  signiﬁcantly  better  binocular  visual  acuity  and
ontrast  sensitivity  than  the  visual  acuity  in  the  better
ye  (p  =  0047  to  < 0001)  in  both  groups  of  20  postoperative
ASIK  and  20  non-LASIK  ametropic  patients.  However,  they
eported  statistically  signiﬁcantly  smaller  pupil  diameter
n  both  groups  under  binocular  condition  compared  to  the
onocular  condition  (p  < 0001).  Keir  et  al.86 reported  that
espite  an  increase  in  HOA’s,  wavefront-guided  LASIK  yields
xcellent  visual  acuity  and  contrast  sensitivity.
s
a
t
i
P
p
a
o
r
t
t
e
u
s
a
s
l
o
l
s
l
(
n
p
e
d
m
i
i
a
a
O
V
t
a
w
e
r
a
c
m
o
r
t
c
o
w
ﬁ
w
o
s
a
t
mBilateral  symmetry  in  vision  and  inﬂuence  of  ocular  surgery  
Another  important  aspect  in  maintaining  the  bilateral
symmetry  is  the  morphology  of  the  LASIK  ﬂaps,  where  LASIK
ﬂaps  created  with  a  femtosecond  laser  have  shown  to  pre-
serve  the  symmetry  and  regularity  in  ﬂap  morphology  with  a
more  regular  planar  shape  in  comparison  to  a  meniscus  shape
in  the  ﬂaps  created  with  a  mechanical  microkeratome.87,88
Arbelaez  et  al.89 compared  the  preoperative  and  postop-
erative  bilateral  symmetry  between  OD  and  OS  eyes  that
have  undergone  femto-LASIK  using  Aberration-neutral  abla-
tion  proﬁles.  They  presented  measurements  of  the  corneal
wavefront  aberration  in  50  eyes  (right  and  left  eyes  of
25  subjects)  and  analyzed  the  correlation  of  individual
aberrations  across  the  population,  as  well  as  the  correla-
tion  of  aberrations  between  the  right  and  left  eyes  of  the
same  subjects.  Preoperatively  11  out  of  33  Zernike  terms
showed  signiﬁcant  OS-vs.-OD  bilateral  symmetry,  whereas  at
6  months  postoperatively  12  Zernike  terms  showed  signiﬁ-
cant  OS-vs.-OD  symmetry.  Preoperatively,  only  6  (C[4,−4],
C[4,−2],  C[5,+3],  C[6,+6],  C[7,−7], C[7,+3])  Zernike  terms
were  signiﬁcantly  different  when  comparing  OS  vs.  OD
for  the  same  subject,  whereas  at  6  months  postopera-
tively  8  terms  (C[4,−2], C[4,+4],  C[5,+1],  C[6,−6], C[6,−4],
C[6,+2],  C[7,−5], C[7,+3])  were  signiﬁcantly  different.  For
all  of  them,  the  differences  were  well  below  the  clinical
relevance.  Preoperatively,  23  of  25  patients  showed  signif-
icant  OS-vs.-OD  bilateral  symmetry  whereas  at  6  months
postoperatively  22  of  25  patients  showed  signiﬁcant  OS-vs.-
OD  bilateral  symmetry.  They  concluded  that  the  treatment
maintained  the  global  OD-vs.-OS  bilateral  symmetry,  as  well
as  the  bilateral  symmetry  between  corresponding  Zernike
terms  contributing  to  the  bilateral  summation.  Recognizing
the  high  levels  of  defocus  and  astigmatism  in  their  study
population,  the  achieved  results  showed  signiﬁcant  success
in  retaining  bilateral  symmetry  using  aberration  neutral  pro-
ﬁles.
Correction  of  spherical  (SA)  and  longitudinal  chromatic
aberrations  (LCA)  has  shown  to  have  signiﬁcant  implications
on  monocular  visual  acuity.90 Schwarz  et  al.90 investigated
the  visual  effect  of  SA  correction  in  polychromatic  and
monochromatic  light  on  binocular  visual  performance,  using
a  liquid  crystal  based  binocular  adaptive  optics  visual  ana-
lyzer  capable  of  operating  in  polychromatic  light.  They
found  that  the  binocular  visual  acuity  improves  when  SA  is
corrected  and  LCA  effects  are  reduced  separately  and  in
combination,  resulting  in  the  highest  value  for  SA  correc-
tion  in  monochromatic  light.  Similar  ﬁndings  were  reported
by  Zheleznyak  et  al.91 in  reference  to  modiﬁed  monovision
with  SA.
A  shift  from  binocular  summation  to  binocular  inhibition
is  observed  when  there  is  a  signiﬁcant  decrease  in  contrast
sensitivity  or  reduced  retinal  illuminance  in  one  eye  com-
pared  to  the  other  as  in  cases  of  unilateral  cataract  and
amblyopia.  Subramaniam92 studied  how  binocular  function
in  post-LASIK  subjects  with  unsatisfactory  outcomes  is  inﬂu-
enced  by  differences  between  the  two  eyes  in  visual  acuity
and  contrast  sensitivity.  He  found  that  binocular  inhibition
in  post-LASIK  subjects  increases  as  the  visual  sensitivity  dif-
ference  between  the  two  eyes  increases.Many  studies  have  explored  outcomes  in  wavefront-
guided  and  topography  guided  photorefractive  keratectomy
(PRK)  in  comparative  studies,93,94 in  terms  of  HOA’s,95 post-
surgical  corneal  shape,96 and  improved  uncorrected  and
c
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pectacle-corrected  visual  acuity.97,98 Some  studies  have
lso  addressed  the  subject  of  bilateral  symmetry  after  PRK
reatments.  Rao  et  al.99 described  the  symmetry  of  response
n  fellow  eyes  of  133  patients  undergoing  bilateral  myopic
RK.  They  reported  that  among  84  patients  with  similar
reoperative  myopia  in  both  eyes,  54  (64.3%)  patients  had
 postoperative  spherical  equivalent  difference  less  than
r  equal  to  1D  in  fellow  eyes.  Risk  factors  for  asymmetric
esponse  among  fellow  eyes  included  increasing  preopera-
ive  myopia  (p  <  0.001)  and  dissimilar  treatment  technique  in
he  two  eyes  (p  =  0.03).  This  study  demonstrated  that  consid-
rable  symmetry  of  response  exists  in  fellow  eyes  of  patients
ndergoing  myopic  PRK.  These  ﬁndings  were  similar  to  other
tudies100,101 performed  with  smaller  cohorts.
Presbyopia  is  commonly  treated  with  traditional  surgical
pproached  like  monovision,  and  more  recently  by  corneal
mall  aperture  inlays,102 in  both  cases  at  the  cost  of  binocu-
ar  summation.  Schwarz  et  al.103 compared  the  performance
f  corneal  inlays  with  monovision.  They  measured  binocu-
ar  visual  acuity  as  a  function  of  object  vergence  in  three
ubjects  by  using  a  binocular  adaptive  optics  vision  ana-
yzer.  Visual  acuity  was  measured  at  two  luminance  levels
photopic  and  mesopic)  under  several  optical  conditions  like
atural  vision  (4  mm  pupils,  best  corrected  distance  vision),
ure-defocus  monovision  (+1.25D  add  in  the  nondominant
ye),  small  aperture  monovision  (1.6  mm  pupil  in  the  non-
ominant  eye),  and  combined  small  aperture  and  defocus
onovision  (1.6  mm  pupil  and  a +0.75D  add  in  the  nondom-
nant  eye).  Visual  simulations  of  a  small  aperture  corneal
nlay  suggested  that  the  corneal  inlays  extend  depth  of  focus
s  effectively  as  traditional  monovision  in  photopic  light,  but
t  the  cost  of  binocular  summation.
cular  surgery  beyond  refractive  correction
isual  deprivation  disrupting  binocular  development,  such  as
hat  occurring  with  congenital  cataract,  is  reported  to  cause
symmetric  monocular  optokinetic  nystagmus  (MOKN),  as
ell  as  poor  sensory  and  motorfusional  outcome.  Hwang
t  al.104 tested  MOKN  with  video  and  electro-oculographic
ecordings  and  stereoacuity  in  5  patients  with  good  visual
cuity  and  satisfactory  ocular  alignment  after  surgery  for
ongenital  cataract.  Their  tests  suggested  that  MOKN  sym-
etry  develops  along  with  good  stereopsis,  but  the  quality
f  stereopsis  necessary  for  development  of  MOKN  symmetry
emained  unclear.  Lefﬂer  et  al.105 predicted  the  postopera-
ive  refractive  astigmatism  in  the  second  eye  undergoing
ataract  surgery  using  standard  biometry  and  information
btained  from  the  ﬁrst  eye.  They  found  that  the  refractive
ith-the-rule  astigmatism  observed  postoperatively  in  the
rst  eye  is  a  strong  independent  predictor  of  postoperative
ith-the-rule  astigmatism  in  the  second  eye.  Keratometric
blique  astigmatism  in  the  ﬁrst  eye  is  a  weak  but  statistically
igniﬁcant  independent  predictor  of  postoperative  oblique
stigmatism  in  the  second  eye.  Both  ﬁndings  were  consis-
ent  with  the  mirror  symmetry  of  the  corneas  about  the
idsagittal  plane.
It  has  been  previously  shown106 that  assessing  the  indi-
ation  for  and  outcomes  of  cataract  surgery,  analysis  of
isual  function  should  include  measures  of  both  eyes,  rather
han  measures  of  the  operative  eye  only,  as  differences
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etween  the  eyes  may  play  an  important  role  in  binoc-
lar  measures  such  as  stereopsis.  Substantial  beneﬁt  of
inocular  vision  has  been  recently  reported  in  individ-
als  with  bilateral  multifocal  IOL  implantation  in  terms  of
ncreased  visual  acuity.  Tsaousis  et  al.107 investigated  the
ffect  of  binocularity  on  long-term  visual  acuity  in  twenty
atients  (9  men  and  11  women)  with  an  average  age  of
0  ±  7  years  (range:  56--78  years),  who  underwent  bilateral
mplantation  of  a  diffractive  multifocal  IOL.  Uncorrected
istance  visual  acuity  (UDVA)  improved  from  0.07  ±  0.10
nd  0.21  ±  0.12  logMAR  (better  and  worse  respectively)  to
.00  ±  0.09  logMAR  binocularly.  Uncorrected  near  visual  acu-
ty  (UIVA)  improved  from  0.18  ±  0.14  and  0.32  ±  0.15  logMAR
better  and  worse  respectively)  to  0.08  ±  0.15  logMAR  binoc-
larly.  Uncorrected  near  visual  acuity  (UNVA)  improved
rom  0.20  ±  0.09  and  0.32  ±  0.12  logMAR  (better  and  worse
espectively)  to  0.11  ±  0.10  logMAR  (20/26  Snellen)  binoc-
larly.  Binocular  summation  was  found  to  be  statistically
igniﬁcant  at  all  distances.  Pseudophakic  monovision  using
onofocal  intraocular  lenses  has  even  been  projected  as
n  effective  approach  for  managing  loss  of  accommodation
fter  cataract  surgery  in  patients  older  than  60  years;  Ito
t  al.108 examined  82  patients  (age  49--87  years)  with  pseu-
ophakic  monovision  using  monofocal  intraocular  lenses.
hey  reported  binocular  summation  observed  at  1.5--6.0
ycles  per  degree,  near  stereopsis  up  to  100′′, and  81%  over-
ll  satisfaction  rate.  However  symptomatic  patients  have
hown  to  beneﬁt  from  second  eye  cataract  extraction  with
ens  implantation.109,110
The  role  of  binocular  function  can  be  very  important  in
onditions  related  to  body’s  natural  aging  process.  Luminita
arita-Nistor  et  al.111 examined  two  aspects  of  binocular
unction  in  patients  with  age-related  macular  degeneration
AMD):  summation/inhibition  of  visual  acuity  and  rivalry.  The
erformance  of  17  patients  with  AMD  was  compared  with
hat  of  17  elderly  controls  and  21  young  people.  Binocu-
ar  ratios,  deﬁned  as  the  better-eye  acuity  divided  by  the
inocular  acuity,  were  calculated.  They  also  measured  eye
ominance  during  rivalry  (proportion  of  time  the  partici-
ants  reported  perceiving  the  input  to  each  eye)  and  rivalry
ates  (number  of  alternations  per  minute).  Their  results
howed  that  while  overall  binocular  ratios  were  similar  for
he  three  groups,  the  frequency  distributions  of  people  who
xperienced  inhibition,  equality  or  summation  were  dif-
erent  for  the  young  and  AMD  groups.  In  the  rivalry  test,
atients  experienced  more  piecemeal  perception  than  the
lderly  and  young  controls,  but  time  dominance  from  the
etter-seeing  eye  was  comparable  for  the  three  groups.
ivalry  rates  decreased  with  age  and  further  with  pathol-
gy.  Moreover,  rivalry  time  dominance  of  the  worse-seeing
ye  was  negatively  correlated  with  inter-ocular  acuity  dif-
erences  for  the  AMD  group.
iscussion
f  the  optical  system  of  the  eye  is  rotationally  symmetric
bout  an  optical  axis  which  does  not  coincide  with  the  visual
xis,  measurements  of  refraction  and  aberration  made  along
he  horizontal  and  vertical  meridians  of  the  visual  ﬁeld  will
how  asymmetry  about  the  visual  axis.112 Charman  et  al.113
odeled  this  departure  from  symmetry  for  second-order
g
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berrations,  refractive  components  and  third-order  coma.
he  experimental  data  supports  the  concept  that  departures
rom  symmetry  about  the  visual  axis  in  the  measurements
f  crossed-cylinder  astigmatism  J(45)  and  J(180)  are  largely
xplicable  in  terms  of  a  decentred  optical  axis.  The  associ-
tion  between  peripheral  astigmatic  asymmetry  and  angle
lpha  was  studied  by  Dunne  et  al.114;  their  results  indicate
hat  either  peripheral  astigmatic  asymmetry  is  due  to  addi-
ional  factors  such  as  lack  of  symmetry  in  the  peripheral
urvature  of  individual  optical  surfaces,  or  that  there  is
urther  misalignment  of  optical  surfaces  away  from  an  opti-
al  axis.  Speciﬁc  to  laser  based  refractive  procedures,  the
mportance  of  choosing  the  correct  ablation  centration  has
een  pointed  out  time  and  again,112 with  the  correction  of
ecentration  also  showing  reduction  in  corneal  HOAs,  includ-
ng  the  coma-like  aberrations  and  spherical  aberration.115
he  main  post-op  HOAs  effects  (coma  and  spherical  aber-
ation)  in  refractive  procedures  are  caused  by  decentration
nd  ‘‘edge’’  effects:  i.e.,  the  strong  local  curvature  changes
etween  the  optical  zone  (OZ)  and  the  transition  zone  (TZ)
nd  from  the  TZ  to  the  non-treated  cornea.  As  a result,  it  is
ecessary  to  emphasize  the  use  of  large  OZs,  covering  the
cotopic  pupil  size  plus  tolerance  for  possible  decentration,
s  well  as  well-deﬁned  TZ.
Classical  data  on  the  detection  of  simple  patterns  shows
hat  two  eyes  are  more  sensitive  than  one  eye.116 The  degree
f  binocular  summation  is  important  for  inferences  about
he  underlying  combination  mechanism.  In  a  signal  detection
heory  framework,  sensitivity  is  limited  by  internal  noise.  If
he  noise  is  added  centrally  after  binocular  combination,
inocular  sensitivity  is  expected  to  be  twice  as  good  as
onocular.  If  the  noise  is  added  peripherally  at  each  eye
rior  to  combination,  binocular  sensitivity  will  be  sqrt[2]
imes  higher  than  monocular.116 This  strongly  indicates  the
mportance  of  maintaining  and  at  best  improving  the  bilat-
ral  symmetry  and  binocular  fusion  in  an  ideal  ocular
urgical  procedure.  Not  manipulating  the  visual  print  of  the
atient  while  performing  best  spectacle  correction,  is  gain-
ng  popularity  in  the  form  of  aberration  neutral  proﬁles117 in
efractive  surgery.  If  the  aimed  aberration-neutral  concept
ould  be  rigorously  achieved  in  a  refractive  procedure,  the
ilateral  symmetry  between  eyes  would  be  automatically
btained,  considering  the  high  symmetry  between  lower
rder  radial  and  vertical  aberrations  in  the  left  and  right
ye.
Limited  number  of  studies  have  evaluated  the  after
ffect  of  refractive  surgery  on  bilateral  symmetry.  Further-
ore,  for  the  studies  focusing  on  this  topic,29,89 the  method
o  determine  whether  or  not  symmetry  is  maintained  con-
ist  of  comparing  individual  terms  in  a  variety  of  ad  hoc
ays  both  before  and  after  the  refractive  surgery,  ignoring
he  fact  that  retinal  image  quality  for  any  given  individual
s  based  on  the  sum  of  all  terms.  The  analysis  of  bilat-
ral  symmetry  should  be  related  to  the  patients’  binocular
ision  status.118 The  role  of  aberrations  has  not  been  eval-
ated  precisely  in  relation  to  the  visual  ability.  A  patient
ith  a  high  level  of  aberrations  can  have  an  excellent  visual
cuity  and  vice  versa,  additionally  a  patient  may  not  have
ood  stereopsis  but  may  show  good  aberration  symmetry.
urthermore,  these  relationships  have  been  majorly  stud-
ed  monocularly;  evaluating  them  for  binocular  vision  poses
ew  challenges.  The  role  of  inter-ocular  differences  have
Bilateral  symmetry  in  vision  and  inﬂuence  of  ocular  surgery  
been  studied  partially40 and  have  shown  a  signiﬁcant  inﬂu-
ence  on  binocular  performance,  suggesting  that  even  subtle
differences  must  be  considered  signiﬁcant  for  visual  perfor-
mance.  Analysis  of  bilateral  symmetry  as  a  function  of  the
analysis  diameter  is  also  not  extensively  explored.  All  these
possibilities  suggest  that  the  future  holds  great  potential  for
investigating  the  role  of  bilateral  symmetry  in  the  human
vision  and  its  inﬂuence  in  developing  improved  ocular  sur-
gical  procedures.  Particularly  for  preserving  the  bilateral
symmetry  in  the  eyes  after  laser  based  refractive  proce-
dures,  biomechanical  response  of  the  cornea,119,120 ablation
centration,112 epithelial  thickness  proﬁle,121,122 and  the  role
of  HOA  of  the  cornea117 should  be  extensively  investigated.
Conﬂict of interests
No  author  has  a  proprietary  or  ﬁnancial  interest  in  the
materials  presented  herein.  Dr.  Samuel  Arba  Mosquera  and
Mr.  Shwetabh  Verma  are  employees  of  SCHWIND  eye-tech-
solutions.
References
1. Blake R. Binocular vision in normal and stereoblind subjects.
Am J Optom Physiol Opt. 1982;59:969--975.
2. Wheatstone C. Contributions to the physiology of vision: Part
II. On some remarkable, and hitherto unobserved, phenomena
of binocular vision. Proc R Soc Lond. 1850;6:138--141.
3. Politics W. Toward a new theory of change.  vol. 60;
2014:281--314.
4. Blake R, Fox R. The psychophysical inquiry into binocular sum-
mation. Percept Psychophys. 1973;14:161--185.
5. Pardhan S, Whitaker A. Binocular summation in the fovea and
peripheral ﬁeld of anisometropic amblyopes. Curr Eye Res.
2000;20:35--44.
6. Blake R, Cormack RH. On utrocular discrimination. Percept
Psychophys. 1979;26:53--68.
7. Miles WR. Ocular dominance in human adults. J Gen Psychol.
1930;3.
8. Hariharan-Vilupuru S, Bedell HE. The perceived visual direc-
tion of monocular objects in random-dot stereograms is
inﬂuenced by perceived depth and allelotropia. Vis Res.
2009;49:190--201.
9. Wheatstone C. Contributions to the physiology of vision: Part
the ﬁrst. On some remarkable, and hitherto unobserved,
phenomena of binocular vision. Philos Trans R Soc Lond.
1838;128:371--394.
10. Li Y, Bao FJ. Interocular symmetry analysis of bilateral eyes.
J Med Eng Technol. 2014;38:179--187.
11. Henriquez MA, Izquierdo L Jr, Mannis MJ. Intereye asymme-
try detected by scheimpﬂug imaging in subjects with normal
corneas and keratoconus. Cornea.  2013;32:779--782.
12. Dienes L, Kránitz K, Juhász E, et al. Evaluation of inter-
eye corneal asymmetry in patients with keratoconus. A
scheimpﬂug imaging study. PLOS ONE. 2014;9:e108882 [eCol-
lection 2014].
13. Smadja D, Santhiago MR, Mello GR, Krueger RR, Colin J,
Touboul D. Inﬂuence of the reference surface shape for
discriminating between normal corneas, subclinical kerato-
conus, and keratoconus. J Refract Surg. 2013;29:274--281.14. Pﬂugfelder SC, Liu Z, Feuer W, Verm A. Corneal thick-
ness indices discriminate between keratoconus and
contact lens-induced corneal thinning. Ophthalmology.
2002;109:2336--2341.227
15. Ambrósio R Jr, Alonso RS, Luz A, Coca Velarde LG. Corneal-
thickness spatial proﬁle and corneal-volume distribution:
tomographic indices to detect keratoconus. J Cataract
Refract Surg. 2006;32:1851--1859.
16. Ahmadi Hosseini SM, Abolbashari F, Niyazmand H, Sedaghat
MR. Efﬁcacy of corneal tomography parameters and biome-
chanical characteristic in keratoconus detection. Cont Lens
Anterior Eye. 2014;37:26--30.
17. Gordon-Shaag A, Millodot M, Ifrah R, Shneor E. Aberrations
and topography in normal, keratoconus-suspect, and kerato-
conic eyes. Optom Vis Sci.  2012;89:411--418.
18. de Sanctis U, Loiacono C, Richiardi L, Turco D, Mutani
B, Grignolo FM. Sensitivity and speciﬁcity of posterior
corneal elevation measured by Pentacam in discriminat-
ing keratoconus/subclinical keratoconus. Ophthalmology.
2008;115:1534--1539.
19. Galletti JD, Ruisen˜or Vázquez PR, Minguez N, et al. Corneal
asymmetry analysis by pentacam scheimpﬂug tomogra-
phy for keratoconus diagnosis. J Refract Surg. 2015;31:
116--123.
20. Howland HC, Howland B. A subjective method for the mea-
surement of monochromatic aberrations of the eye. J Opt Soc
Am. 1977;67:1508.
21. McKendrick AM, Brennan NA. The axis of astigmatism in right
and left eye pairs. Optom Vis Sci.  1997;74:668--675.
22. Touzeau O, Gaujoux T, Bullet J, Allouch C, Borderie V, Laroche
L. Relationships between refractive parameters: sphere,
cylinder and axis. J Fr Ophtalmol.  2012;35:587--598.
23. Liang J, Williams DR. Aberrations and retinal image quality of
the normal human eye. J Opt Soc Am A. 1997;14:2873.
24. Porter J, Guirao A, Cox IG, Williams DR. Monochromatic aber-
rations of the human eye in a large population. J Opt Soc Am
A. 2001;18:1793.
25. Thibos LN, Hong X, Bradley A, Cheng X. Statistical variation
of aberration structure and image quality in a normal pop-
ulation of healthy eyes. J Opt Soc Am A Opt Image Sci Vis.
2002;19:2329--2348.
26. Wang L, Dai E, Koch DD, Nathoo A. Optical aberrations
of the human anterior cornea. J Cataract Refract Surg.
2003;29:1514--1521.
27. Prakash G, Sharma N, Saxena R, Choudhary V, Menon V, Titiyal
JS. Comparison of higher order aberration proﬁles between
normal and amblyopic eyes in children with idiopathic ambly-
opia. Acta Ophthalmol. 2011;89:e257--e262.
28. Fam HB, Lim KL. Effect of higher-order wavefront aberrations
on binocular summation. J Refract Surg. 2004;20:S570--S575.
29. Marcos S, Burns SA. On the symmetry between eyes of
wavefront aberration and cone directionality. Vis Res.
2000;40:2437--2447.
30. Pardhan S, Gilchrist J. The importance of measuring binoc-
ular contrast sensitivity in unilateral cataract. Eye (Lond).
1991;5(Pt 1):31--35.
31. Ding J, Sperling G. A gain-control theory of binocular combi-
nation. Proc Natl Acad Sci U S A. 2006;103:1141--1146.
32. Ding J, Klein SA, Levi DM. Binocular combination of phase and
contrast explained by a gain-control and gain-enhancement
model. J Vis.  2013;13:13.
33. Zhou J, Georgeson MA, Hess RF. Linear binocular combina-
tion of responses to contrast modulation: contrast-weighted
summation in ﬁrst- and second-order vision. J Vis.  2014;
14:24.
34. Baker DH, Wallis SA, Georgeson MA, Meese TS. The effect
of interocular phase difference on perceived contrast. PLoS
ONE. 2012;7:e34696.
35. Eysteinsson T, Barris MC, Denny N, Frumkes TE. Tonic inte-
rocular suppression, binocular summation, and the visual
evoked potential. Investig Ophthalmol Vis Sci.  1993;34:
2443--2448.
228  
36. Denny N, Frumkes TE, Barris MC, Eysteinsson T. Tonic interoc-
ular suppression and binocular summation in human vision. J
Physiol. 1991;437:449--460.
37. Weiler JA, Maxwell JS, Schor CM. Illusory contrast-induced
shifts in binocular visual direction bias saccadic eye
movements toward the perceived target position. J Vis.
2007;7:1--18.
38. Rabin J. Two eyes are better than one: binocular enhance-
ment in the contrast domain. Ophthalmic Physiol Opt.
1995;15:45--48.
39. Cagenello R, Arditi A, Halpern DL. Binocular enhancement
of visual acuity. J Opt Soc Am A Opt Image Sci Vis.
1993;10:1841--1848.
40. Cuesta JRJ, Anera RG, Jimnez R, Salas C. Impact of interocu-
lar differences in corneal asphericity on binocular summation.
Am J Ophthalmol. 2003;135:279--284.
41. Jiménez JR, Ponce A, Anera RG. Induced aniseikonia dimin-
ishes binocular contrast sensitivity and binocular summation.
Optom Vis Sci.  2004;81:559--562.
42. Katsumi O, Tanino T, Hirose T. Effect of aniseikonia on binoc-
ular function. Invest Ophthalmol Vis Sci.  1986;27:601--604.
43. Anera RG, Jiménez JR, Villa C, Rodríguez-Marín F, Gutiér-
rez R. Technical note: pre-surgical anisometropia inﬂuences
post-LASIK binocular mesopic contrast sensitivity function.
Ophthalmic Physiol Opt. 2007;27:210--212.
44. Almeder LM, Peck LB, Howland HC. Prevalence of ani-
sometropia in volunteer laboratory and school screening
populations. Invest Ophthalmol Vis Sci.  1990;31:
2448--2455.
45. Vedamurthy I, Suttle CM, Alexander J, Asper LJ. A
psychophysical study of human binocular interactions in
normal and amblyopic visual systems. Vis Res.  2008;48:
1522--1531.
46. Gillespie-Gallery H, Konstantakopoulou E, Harlow JA, Bar-
bur JL. Capturing age-related changes in functional contrast
sensitivity with decreasing light levels in monocular and
binocular vision. Invest Ophthalmol Vis Sci.  2013;54:
6093--6103.
47. Vedamurthy I, Suttle CM, Alexander J, Asper LJ. Interoc-
ular interactions during acuity measurement in children
and adults, and in adults with amblyopia. Vis Res.
2007;47:179--188.
48. Pineles SL, Birch EE, Talman LS, et al. One eye or two:
a comparison of binocular and monocular low-contrast
acuity testing in multiple sclerosis. Am J Ophthalmol.
2011;152:133--140.
49. Pardhan S. A comparison of binocular summation in young and
older patients. Curr Eye Res. 1996;15:315--319.
50. Pardhan S, Whitaker A. Binocular summation to gratings in the
peripheral ﬁeld in older subjects is spatial frequency depend-
ent. Curr Eye Res. 2003;26:297--302.
51. Gagnon RWC, Kline DW. Senescent effects on binocular sum-
mation for contrast sensitivity and spatial interval acuity. Curr
Eye Res. 2003;27:315--321.
52. Cogan AI. Human binocular interaction: towards a neural
model. Vis Res.  1987;27:2125--2139.
53. Nelson-Quigg JM, Cello K, Johnson CA. Predicting binocular
visual ﬁeld sensitivity from monocular visual ﬁeld results.
Invest Ophthalmol Vis Sci.  2000;41:2212--2221.
54. Schneider B, Moraglia G. Binocular unmasking with unequal
interocular contrast: the case for multiple Cyclopean eyes.
Percept Psychophys.  1992;52:639--660.
55. Baker DH, Meese TS, Summers RJ. Psychophysical evidence
for two routes to suppression before binocular summation of
signals in human vision. Neuroscience. 2007;146:435--448.56. Schor C, Erickson P. Patterns of binocular suppression and
accommodation in monovision. Am J Optom Physiol Opt.
1988;65:853--861.S.  Arba  Mosquera,  S.  Verma
57. Pineles SL, Lee PJ, Velez F, Demer J. Effects of visual
noise on binocular summation in patients with strabis-
mus without amblyopia. J Pediatr Ophthalmol Strabismus.
2014;51:100--104.
58. Raveendran RN, Babu RJ, Hess RF, Bobier WR. Transient
improvements in ﬁxational stability in strabismic amblyopes
following bifoveal ﬁxation and reduced interocular suppres-
sion. Ophthalmic Physiol Opt. 2014;34:214--225.
59. Baker DH, Meese TS, Mansouri B, Hess RF. Binocular summa-
tion of contrast remains intact in strabismic amblyopia. Invest
Ophthalmol Vis Sci. 2007;48:5332--5338.
60. Wood JM, Collins MJ, Carkeet A. Regional variations in binoc-
ular summation across the visual ﬁeld. Ophthalmic Physiol
Opt. 1992;12:46--51.
61. Zernike von F. Beugungstheorie des schneidenver-fahrens und
seiner verbesserten form, der phasenkontrastmethode. Phys-
ica.  1934;1:689--704.
62. Katsumi O, Hirose T, Tanino T, Uemura Y. Pattern reversal VER
as a tool for evaluating unbalanced visual inputs between the
two eyes. Jpn J Ophthalmol. 1988;32:86--97.
63. Katsumi O, Tanino T, Hirose T. Objective evaluation of
binocular function using the pattern reversal visual evoked
response: II. Effect of mean luminosity. Acta Ophthalmol.
1986;64:199--205.
64. Schwarz C, Manzanera S, Artal P. Binocular visual performance
with aberration correction as a function of light level. J Vis.
2014;14.
65. Jiménez JR, Villa C, Anera RG, Gutiérrez R, del Barco LJ.
Binocular visual performance after LASIK. J Refract Surg.
2006;22:679--688.
66. Pineles SL, Velez FG, Yu F, Demer JL, Birch E. Normative
reference ranges for binocular summation as a function of
age for low contrast letter charts. Strabismus.  2014;22:
167--175.
67. Pointer JS. Inﬂuence of selected variables on monocular,
interocular, and binocular visual acuity. Optom Vis Sci.
2008;85:135--142.
68. Pineles SL, Velez FG, Isenberg SJ, et al. Functional burden
of strabismus: decreased binocular summation and binocular
inhibition. JAMA Ophthalmol. 2013;131:1413--1419.
69. Mansouri B, Thompson B, Hess RF. Measurement of
suprathreshold binocular interactions in amblyopia. Vis Res.
2008;48:2775--2784.
70. Pardhan S, Gilchrist J. Binocular contrast summation and
inhibition in amblyopia. The inﬂuence of the interocular dif-
ference on binocular contrast sensitivity. Doc Ophthalmol.
1992;82:239--248.
71. Schor CM, Levi DM. Disturbances of small-ﬁeld horizontal and
vertical optokinetic nystagmus in amblyopia. Invest Ophthal-
mol Vis Sci.  1980;19:668--683.
72. Huurneman B, Boonstra FN. Monocular and binocular
development in children with albinism, infantile nystag-
mus syndrome, and normal vision. Strabismus.  2013;21:
216--224.
73. Mrochen M, Donitzky C, Wüllner C, Löfﬂer J. Wavefront-
optimized ablation proﬁles: theoretical background. J
Cataract Refract Surg. 2004;30:775--785.
74. Koller T, Iseli HP, Hafezi F, Mrochen M, Seiler T. Q-factor
customized ablation proﬁle for the correction of myopic astig-
matism. J Cataract Refract Surg. 2006;32:584--589.
75. Mastropasqua L, Nubile M, Ciancaglini M, Toto L, Ballone E.
Prospective randomized comparison of wavefront-guided and
conventional photorefractive keratectomy for myopia with
the meditec MEL 70 laser. J Refract Surg. 2004;20:422--431.
76. Marcos S, Cano D, Barbero S. Increase in corneal aspheric-
ity after standard laser in situ keratomileusis for myopia is
not inherent to the Munnerlyn algorithm. J Refract Surg.
2003;19:S592--S596.
Bilateral  symmetry  in  vision  and  inﬂuence  of  ocular  surgery  
77. Castro JJ, Jiménez JR, Hita E, Ortiz C. Inﬂuence of interoc-
ular differences in the Strehl ratio on binocular summation.
Ophthalmic Physiol Opt. 2009;29:370--374.
78. Jiménez JR, Castro JJ, Jiménez R, Hita E. Interocular dif-
ferences in higher-order aberrations on binocular visual
performance. Optom Vis Sci.  2008;85:174--179.
79. Villa C, Jiménez JR, Anera RG, Gutiérrez R, Hita E. Visual
performance after LASIK for a Q-optimized and a standard
ablation algorithm. Appl Opt. 2009;48:5741--5747.
80. Yamane N, Miyata K, Samejima T, et al. Ocular higher-
order aberrations and contrast sensitivity after conventional
laser in situ keratomileusis. Invest Ophthalmol Vis Sci.
2004;45:3986--3990.
81. Wang IJ, Sun YC, Lee YC, Hou YC, Hu FR. The relationship
between anterior corneal aberrations and contrast sensi-
tivity in conventional LASIK. Curr Eye Res. 2006;31(7--8):
563--568.
82. Anera RG, Jiménez JR, Jiménez del Barco L, Bermúdez J,
Hita E. Changes in corneal asphericity after laser in situ ker-
atomileusis. J Cataract Refract Surg. 2003;29:762--768.
83. Anera RG, Villa C, Jiménez JR, Gutierrez R. Effect of LASIK
and contact lens corneal refractive therapy on higher order
aberrations and contrast sensitivity function. J Refract Surg.
2009;25:277--284.
84. Montés-Micó R, Espan˜a E, Menezo JL. Mesopic contrast sen-
sitivity function after laser in situ keratomileusis. J Refract
Surg. 2003;19:353--356.
85. Boxer Wachler BS. Effect of pupil size on visual function under
monocular and binocular conditions in LASIK and non-LASIK
patients. J Cataract Refract Surg. 2003;29:275--278.
86. Keir NJ, Simpson T, Jones LW,  Fonn D. Wavefront-guided LASIK
for myopia: effect on visual acuity, contrast sensitivity, and
higher order aberrations. J Refract Surg. 2009;25:524--533.
87. Zhang Y, Chen YG, Xia YJ. Comparison of corneal ﬂap mor-
phology using AS-OCT in LASIK with the WaveLight FS200
femtosecond laser versus a mechanical microkeratome. J
Refract Surg. 2013;29:320--324.
88. Montés-Micó R, Rodríguez-Galietero A, Alió JL. Femtosecond
laser versus mechanical keratome LASIK for myopia. Ophthal-
mology.  2007;114:62--68.
89. Arbelaez MC, Vidal C, Arba-Mosquera S. Bilateral symme-
try before and six months after Aberration-FreeTM correction
with the SCHWIND AMARIS TotalTech Laser: clinical outcomes.
J Optom.  2010;3:20--28.
90. Schwarz C, Cánovas C, Manzanera S, et al. Binocular visual
acuity for the correction of spherical aberration in polychro-
matic and monochromatic light. J Vis. 2014;14.
91. Zheleznyak L, Sabesan R, Oh JS, MacRae S, Yoon G. Modiﬁed
monovision with spherical aberration to improve presbyopic
through-focus visual performance. Invest Ophthalmol Vis Sci.
2013;54:3157--3165.
92. Subramaniam SV. Binocular interaction in post-LASIK
subjects with unsatisfactory outcome. Curr Eye Res.
2009;34:1030--1035.
93. Wang Y, Zhao KX, He JC. Ocular higher-order aberrations fea-
tures analysis after corneal refractive surgery. Chin Med J
(Engl).  2007;120:269--273.
94. Javadi MA, Mohammadpour M, Rabei HM. Keratectasia after
LASIK but not after PRK in one patient. J Refract Surg.
2006;22:817--820.
95. Lombardo M, Lombardo G, Serrao S. Long-term optical quality
of the photoablated cornea. J Opt Soc Am A Opt Image Sci Vis.
2007;24:588--596.
96. de Jong T, Wijdh RH, Koopmans SA. Describing the corneal
shape after wavefront-optimized photorefractive keratec-
tomy. Optom Vis Sci.  2014;91:1231--1237.
97. Wigledowska-Promienska D, Zawojska I. Changes in higher
order aberrations after wavefront-guided PRK for correction229
of low to moderate myopia and myopic astigmatism: two-year
follow-up. Eur J Ophthalmol. 2007;17:507--514.
98. Vinciguerra P, Camesasca FI, Bains HS. Photorefractive
keratectomy for primary myopia using NIDEK topography-
guided customized aspheric transition zone. J Refract Surg.
2009;25(1 suppl):S89--S92.
99. Rao SK, Mukesh BN, Saraniya AS, Sitalakshmi G, Padmanabhan
P. Fellow eye treatment in excimer photo refractive keratec-
tomy. Indian J Ophthalmol. 2000;48:113--118.
100. Loewenstein A, Lipshitz I, Ben-Sirah A, Barak V, Lazar M.
Symmetry of outcome after photorefractive keratectomy for
myopia. J Refract Surg. 1995;11(3 suppl):S268--S269.
101. Lombardo M, Lombardo G, Serrao S. Interocular high-order
corneal wavefront aberration symmetry. J Opt Soc Am A Opt
Image Sci Vis. 2006;23:777--787.
102. Tabernero J, Schwarz C, Fernández EJ, Artal P. Binocular
visual simulation of a corneal inlay to increase depth of focus.
Invest Ophthalmol Vis Sci.  2011;52:5273--5277.
103. Schwarz C, Manzanera S, Prieto PM, Fernández EJ, Artal
P. Comparison of binocular through-focus visual acuity with
monovision and a small aperture inlay. Biomed Opt Express.
2014;5:3355--3366.
104. Hwang JM, Matsumoto ER, Borchert MS. The relationship
between stereopsis and monocular optokinetic nystagmus
after infantile cataracts. J AAPOS.  1999;3:221--226.
105. Lefﬂer CT, Wilkes M, Reeves J, Mahmood MA. Postoperative
astigmatism in the second eye undergoing cataract surgery.
Arch Ophthalmol. 2011;129:295--300.
106. Comas M, Castells X, Acosta ER, Tun˜í J. Impact of differences
between eyes on binocular measures of vision in patients with
cataracts. Eye (Lond).  2007;21:702--707.
107. Tsaousis KT, Plainis S, Dimitrakos SA, Tsinopoulos IT. Binocular-
ity enhances visual acuity of eyes implanted with multifocal
intraocular lenses. J Refract Surg. 2013;29:246--250.
108. Ito M, Shimizu K, Amano R, Handa T. Assessment of visual
performance in pseudophakic monovision. J Cataract Refract
Surg. 2009;35:710--714.
109. Laidlaw A, Harrad R. Can second eye cataract extraction be
justiﬁed? Eye (Lond).  1993;7(Pt 5):680--686.
110. Pomberg ML, Miller KM. Functional visual outcomes of
cataract extraction in monocular versus binocular patients.
Am J Ophthalmol. 2004;138:125--132.
111. Tarita-Nistor L, González EG, Markowitz SN, Steinbach MJ.
Binocular interactions in patients with age-related macu-
lar degeneration: acuity summation and rivalry. Vis Res.
2006;46:2487--2498.
112. Mosquera SA, Verma S, McAlinden C. Centration axis in refrac-
tive surgery. Eye Vis. 2015;2:4.
113. Charman WN, Atchison DA. Decentred optical axes and
aberrations along principal visual ﬁeld meridians. Vis Res.
2009;49:1869--1876.
114. Dunne MC, Misson GP, White EK, Barnes DA. Peripheral astig-
matic asymmetry and angle alpha. Ophthalmic Physiol Opt.
1993;13:303--305.
115. Wu L, Zhou X, Ouyang Z, Weng C, Chu R. Topography-guided
treatment of decentered laser ablation using LaserSight’s
excimer laser. Eur J Ophthalmol. 2008;18:708--715.
116. Simpson WA,  Manahilov V, Shahani U. Two eyes: square
root 2 better than one? Acta Psychol (Amst).  2009;131:
93--98.
117. de Ortueta D, Arba Mosquera S, Baatz H. Comparison of
standard and aberration-neutral proﬁles for myopic LASIK
with the SCHWIND ESIRIS platform. J Refract Surg. 2009;25:
339--349.
118. Azen SP, Varma R, Preston-Martin S, Ying-Lai M, Globe D, Hahn
S. Binocular visual acuity summation and inhibition in an ocu-
lar epidemiological study: the Los Angeles Latino Eye Study.
Invest Ophthalmol Vis Sci.  2002;43:1742--1748.
2ultrasound pachymetry in central corneal thickness mea-30  
119. Charman WN, Atchison DA. Theoretical effect of changes
in entrance pupil magniﬁcation on wavefront-guided laser
refractive corneal surgery. J Refract Surg. 2005;21:386--391.
120. Ruisen˜or Vázquez PR, Delrivo M, Bonthoux FF. Combining
ocular response analyzer metrics for corneal biomechanical
diagnosis. J Refract Surg. 2013;29:596--602.
121. Reinstein DZ, Archer TJ, Gobbe M, Silverman RH, Coleman DJ.
Epithelial thickness in the normal cornea: three-dimensionalS.  Arba  Mosquera,  S.  Verma
display with Artemis very high-frequency digital ultrasound.
J Refract Surg. 2008;24:571--581.
122. Wu W,  Wang Y, Xu L. Meta-analysis of Pentacam vs.surement in normal, post-LASIK or PRK, and keratoconic or
keratoconus-suspect eyes. Graefes Arch Clin Exp Ophthalmol.
2014;252:91--99.
